Aims/hypothesis Heterozygous mutations in the insulin gene that affect proinsulin biosynthesis and folding are associated with a spectrum of diabetes phenotypes, from permanent neonatal diabetes to MODY. In vivo studies of these mutations may lead to a better understanding of insulin mutationassociated diabetes and point to the best treatment strategy. We studied an 18-year-old woman with MODY heterozygous for the insulin mutation p.R46Q (GlnB22-insulin), measuring the secretion of mutant and wild-type insulin by LC-MS. The clinical study was combined with in vitro studies of the synthesis and secretion of p.R46Q-insulin in rat INS-1 insulinoma cells. Methods We performed a standard 75 g OGTT in the 18-yearold woman and measured plasma glucose and serum insulin (wild-type insulin and GlnB22-insulin), C-peptide, proinsulin, glucagon and amylin. The affinity of GlnB22-insulin was tested on human insulin receptors expressed in baby hamster kidney (BHK) cells. We also examined the subcellular localisation, secretion and impact on cellular stress markers of p.R46Q-insulin in INS-1 cells. Results Plasma GlnB22-insulin concentrations were 1.5 times higher than wild-type insulin at all time points during the OGTT. The insulin-receptor affinity of GlnB22-insulin was 57% of that of wild-type insulin. Expression of p.R46Q-insulin in INS-1 cells was associated with decreased insulin secretion, but not induction of endoplasmic reticulum stress.
Introduction
Insulin, a central hormone in glucose homeostasis, is secreted from the pancreatic beta cells in a tightly regulated manner to maintain plasma glucose within a narrow range. Type 1 diabetes results from complete insulin deficiency arising as a consequence of autoimmune destruction of the beta cells, whereas type 2 diabetes develops because of peripheral insulin resistance and inadequate insulin secretion. Monogenic diabetes represents a distinct form of diabetes resulting from a single highly penetrant mutation in a gene central to the development and function of the pancreatic beta cells. To date, more than 20 genes have been implicated in monogenic diabetes [1] .
Heterozygous missense mutations in the insulin gene cause monogenic disorders of glucose homeostasis through effects on beta cell function, processing of proinsulin to insulin or altered insulin-receptor affinity. Mutations in the insulin gene are associated with phenotypes ranging from the severe permanent neonatal diabetes (NDM), with complete insulin deficiency, to near-normal glucose homeostasis in familial hyperinsulinaemia [2] [3] [4] [5] . MODY, an autosomal dominantly inherited form of diabetes with onset before 25 years of age, is another clinical manifestation of heterozygous insulin gene mutations [6] [7] [8] [9] .
Insulin gene mutations are a relatively common cause of NDM and, consequently, the pathophysiology of this form of diabetes has been studied in detail in cultured cells and in mouse models of insulin-related diabetes [2, 3, [10] [11] [12] [13] [14] . The effects of mutations associated with NDM include defects in cleavage of the signal peptide of preproinsulin as well as alteration of the three-dimensional structure of the mutant proinsulin, which impedes the transition of proinsulin through the endoplasmic reticulum (ER) leading to ER stress and, ultimately, cell death [15] .
The insulin gene mutations found in individuals with MODY represent a subgroup of mutations that are not found in individuals with NDM. The pathophysiology of insulin gene mutations associated with MODY is poorly understood. The majority of these individuals have beta cell insulin secretory capacity, as suggested by variable treatment requirements ranging from no treatment to insulin therapy. It has been suggested that the effects of the MODY-associated mutations may mimic those of the NDM-associated mutations, but with a less detrimental effect on beta cell function [15, 16] . If ER stress is part of the pathophysiology, we would anticipate gradually declining beta cell function and increasing insulin deficiency over the course of the disease. As only a few individuals with this form of MODY have been described, and none studied in detail, the effect of the mutant insulin protein on beta cell viability and function over time is uncertain. In contrast to individuals with NDM resulting from an insulin gene mutation, individuals with MODY have functioning beta cells, thus it is possible to assess the ability of the beta cells to process and secrete a mutant insulin protein. The best treatment strategy for these individuals to both achieve euglycaemia and preserve beta cell function is currently unknown, but it may emerge from detailed studies of the effects of MODYassociated insulin mutations on beta cell function in vivo and in vitro.
Here, we carried out a detailed clinical characterisation of an individual with MODY heterozygous for the insulin gene mutation p.R46Q together with in vitro characterisation of the effect of this mutation on beta cell function.
Methods

Clinical studies
The individual was admitted to the clinical research unit for a standard 120 min 75 g OGTT. She had fasted for 10 h and had omitted her insulin glargine (Lantus, Sanofi-Aventis, Paris, France) for 60 h. An intravenous catheter was inserted into a cubital vein for blood sampling. Blood was sampled at 15 min intervals to measure plasma glucose. Serum insulin, proinsulin, glucagon, amylin and C-peptide were analysed at time points −2, 30, 60 and 120 min. Details of the biochemical analyses are provided in the electronic supplementary material (ESM) Methods.
Sequencing of INS, HNF1A (also known as MODY3), HNF4A (MODY1), GCK (MODY2) and HNF1B (MODY 5) was performed as previously described [2, 17] .
The individual provided informed consent. The regional ethics committee considered the project as a thorough clinical case evaluation and no formal registration with the committee was required (Region Midt, Denmark, request 71/2013).
Isolation and characterisation of plasma insulin
Immuno-purification and LC-MS Magnetic beads for insulin immunopurification from the individual's plasma was performed according to a standard protocol from the manufacturer (Invitrogen, Carlsbad, CA, USA). Additional details of the isolation of insulin are provided in the ESM Methods. LC-MS analysis of parent peptide was conducted using an LTQ Orbitrap Classic (ThermoScientific, Bremen, Germany). The HPLC system consisted of HPLC pumps from Agilent Technologies ([1100-series] Palo Alto, CA, USA) and an auto-sampler from CTC Analytics (Zwingen, Switzerland). A 20 μl volume of sample was injected. The mass spectrometer was operated in positive ionisation mode (electrospray ionisation) and data were collected in the selected ionmonitoring mode from 1151 to 1171 m/z. For identification purposes, the samples were also run with a wider scan range, from 800 to 1500 m/z. Further details of the analysis are provided in the ESM Methods.
Synthesis of GlnB22-insulin The insulin chains were synthesised using standard fluorenylmethyloxycarbonyl (FMOC)-based solid-phase peptide synthesis and an automated peptide synthesiser (Prelude, PTI Technologies, Oxnard, CA, USA) giving GlnB22-human insulin in a 2.2% isolated yield. Additional details of the synthesis of GlnB22-insulin are provided in the ESM Methods.
Plasma calibration standards for quantification of GlnB22-insulin The plasma calibration standards underwent the same immunoprecipitation procedure as the individual's samples. Plasma calibration standards were constructed by adding both human wild-type insulin and GlnB22-insulin to plasma from LYD (crossbred Landrace × Yorkshire × Duroc) pigs (pool of plasma from in-house LYD pigs). Plasma from LYD pigs was used as surrogate plasma for quantification of human insulin as there were endogenous levels of human insulin in blank human plasma. An initial comparison showed that LYD pig plasma and human plasma were similar with respect to analysis of GlnB22-insulin and internal standard and, in addition, the same results were obtained for the highest calibration standards of human insulin in both sources of plasma. Plasma calibration standards were prepared in porcine plasma at 6.0, 12.1, 24.2, 60.4, 121, 242, 604 and 1208 pmol/l for wildtype insulin and 4.0, 7.9, 15.9, 39.7, 79.3, 159, 397 and 793 pmol/l for GlnB22-insulin. Two calibration curves were prepared for wild-type-and GlnB22-insulin, and calibration curves were analysed before and after the analysis of the individual's samples. A process method was constructed by the use of XCalibur (2.1, ThermoScientific) in which the most dominant isotopes of each insulins were summed with a mass accuracy at 5 ppm. Calibration curves were fitted with a quadratic curve fit (1/X). The estimated lower limit of quantification was 12 pmol/l for wild-type human insulin and 16 pmol/l for GlnB22-insulin. The standards analysed after the samples served as quality-control samples. Overall, back-calculated concentrations of all plasma calibration standards and qualitycontrol samples were within 85-115% of the nominal value at each concentration level.
In vitro studies of p.R46Q-insulin
Insulin-receptor binding assay The affinity of GlnB22-insulin for the human insulin receptor purified from BHK cells was determined as described by Glendorf et al [18] . The binding affinity of the GlnB22-insulin was expressed relative to that of wild-type insulin [IC 50 (wild-type insulin)/IC 50 (GlnB22-insulin) × 100%] in three independent experiments. cDNA constructs Human insulin cDNA was cloned in pcDNA3.1 (+) and mutations were introduced by overlap extension PCR mutagenesis using primers (forward; 5′-TAGT GTGCGGGGAACAAGGCTTCTTCTACAC-3′ and reverse; 5′-GTGTAGAAGCCTTGTTCCCCGCACACTA-3′) for p.R46Q and the sequence was confirmed by DNA Sanger sequencing [12] .
Cell culture and subcellular localisation of wild type and mutant insulin Rat INS-1 insulinoma cells (1 × 10 6 ) were cultured on glass cover slips in a six-well plate and transfected with 4.0 μg of pcDNA3.1 (vector), wild-type or mutant human preproinsulin (p.R46Q or p.C96Y) cDNA together with 0.5 μg of constructs expressing ER-localised monomeric red fluorescent protein (ER-mRFP) or an enhanced cyan fluorescent protein (ECFP) as a marker for the Golgi.
Measurement of C-peptide, proinsulin and insulin in cell lysates and media Cells were cultured in six-well plates. Twenty-four hours post-transfection, cells were washed in PBS and then cultured for 4 h. The media was collected and centrifuged and human C-peptide was measured using an ELISA kit (Millipore, St Charles, MO, USA; EZHCP-20K). The cells were washed with PBS and harvested with a cell scraper in 150 μl of lysis buffer. The lysate was sonicated for 10 s and then centrifuged at 13,362 g for 20 min at 4°C. The supernatant was removed and assayed for human C-peptide as described above.
Western blot analysis Twenty-four hours post transfection, cells cultured in a six-well plate were rinsed and then dissolved in lysis buffer (Millipore, 524625). Fifteen μg of total protein from cell lysates were separated on a 15% SDS-PAGE and transferred to a PVDF membrane (Amersham Hybond-P PVDF Transfer Membrane; GE Healthcare, Piscataway, NJ). The levels of phosphorylated and total eIF2α were measured using rabbit polyclonal anti-phospho-eIF2α (Sigma, St Louis, MO, USA; E2151; 1000 dilution) and anti-eIF2α antibodies (Santa Cruz Biotechnology; Dallas, TX, USA; sc11386; 1/1000 dilution), respectively. The blot was developed with Amersham ECL Western Blotting Detection Reagents after incubation for 1 h with HRP-conjugated secondary antibody, donkey anti-rabbit IgG, (GE Healthcare, NA934; 1/5000 dilution). Band intensity was quantified using the Gel Analysis package in ImageJ Software (NIH).
Additional details of the in vitro studies, including description of the insulin-receptor affinity study, human insulin cDNA constructs, cell culture, the evaluation of the subcellular localisation of wild-type and mutant insulin, measurement of C-peptide, proinsulin and insulin in cell lysates and media, and western blotting are provided in the ESM Methods.
Statistical analyses
In vitro results are presented as the mean ± SEM. Betweengroup differences were assessed using an unpaired t test. A p value below 0.05 was considered significant.
Results
Clinical characteristics of an individual with MODY resulting from the insulin mutation p.R46Q
We studied a woman of Danish-Indian ancestry diagnosed with diabetes at 15 years of age. The woman had consulted her general practitioner for a suspected mild eating disorder. A routine biochemical evaluation revealed an HbA 1c of 6.5% (48 mmol/mol). The clinical characteristics of the individual are presented in Table 1 . The woman is lean with a slim waist, has normal blood pressure and lipid profile and there is no sign of acanthosis nigricans. There is a family history of diabetes: impaired fasting glucose in her Indian father (age 54 years, BMI 21 kg/m 2 , HbA 1c 6.1% [43 mmol/mol]) and paternal uncle; and diagnosed type 2 diabetes in her paternal grandparents. The woman is otherwise healthy. Screening for mutations in HNF1A, HNF4A, GCK and HNF1B was negative. The woman was found to be a heterozygous carrier of a non-synonymous mutation in the insulin gene: p.Arg46Gln. Her parents were not carriers of the insulin gene mutation, suggesting it was de novo in origin.
Following the initial diagnosis of diabetes, the individual maintained acceptable glycaemic control with lifestyle interventions alone (HbA 1c < 7% [53 mmol/mol]). After 2 years, glycaemic control deteriorated, with HbA 1c exceeding 7.5% (58 mmol/mol). The individual was started on a once-daily injection of insulin glargine (Lantus) (22 U/day). Acceptable glycaemic control was maintained for 2 years with this treatment regimen. At 4 years after diagnosis, glycaemic control was again deteriorating. Multiple-injection therapy with 8-14 U insulin aspart (Novorapid) and 22 U insulin glargine (Lantus) was initiated. The woman's most recent HbA 1c is 10.3% (89 mmol/mol), reflecting her variable compliance. Her weight has remained stable since diagnosis and no latediabetic complications have developed.
The detailed clinical assessment of the individual was performed 3 years after diabetes was diagnosed, when HbA 1c was 7.5% (58 mmol/mol). Fasting venous glucose was 6.2 mmol/l, with a maximum of 15.4 mmol/l 120 min after ingestion of 75 g of D-glucose. Serum insulin, proinsulin, glucagon, C-peptide and amylin were determined at time points −2, 30, 60 and 120 min ( Table 2 ). Continuous glucose monitoring was performed shortly after the examination (ESM Fig. 1 ).
Characterisation of insulin from the individual
Identification of GlnB22-insulin in plasma According to ELISA results, the woman had total serum insulin concentrations ranging from 22 pmol/l (fasting) to 182 pmol/l (time 120 min during the OGTT). The relative contribution of wild-type and GlnB22-insulin to these concentrations was unknown, i.e. was the woman exclusively secreting wild-type insulin or a mixture of wild-type and GlnB22-insulin? To address this issue, an immunoprecipitation method was developed to purify and enrich the plasma insulin samples, which allowed LC-MS to be used for identification and quantification of intact GlnB22-and wild-type human insulin. The immunoprecipitation procedure used a monoclonal antibody that binds to an epitope in the region of the loop in the A-chain, as described by Andersen et al [19] . An MS spectrum showing detectable levels of GlnB22-insulin from LC-MS analysis of a sample taken at 120 min during the OGTT is shown in ESM  Fig. 2a . ESM Fig. 2b shows the identification of human insulin. Quantification of wild-type and GlnB22-insulin in plasma Following the detection of GlnB22-insulin in plasma from the woman, absolute concentrations of wild-type and GlnB22-insulin in plasma were determined at times −2, 30, 60 and 120 min during the OGTT. Standard curves for wild-type insulin and GlnB22-insulin were constructed for quantification purposes. The LC-MS method was identical to the method described for identification of GlnB22-insulin, with the exception that the scan range was 1151-1171 m/z to lower the limit of quantification. The method was qualified to cover wild-type insulin from 12 pmol/l to 1208 pmol/l and GlnB22-insulin from 16 pmol/l to 793 pmol/l. An example of the analysis is shown in ESM Fig. 3 .
Plasma concentration data for wild-type and GlnB22-insulin as determined by LC-MS are included in Table 2 . In plasma sampled prior to the glucose infusion, only trace levels of GlnB22-insulin were detected with plasma concentration below the lower limit of quantification of 16 pmol/l.
In vitro characterisation of p.R46Q-insulin
Affinity of GlnB22-insulin for the human insulin receptor The affinity of GlnB22-insulin for the human insulin receptor prepared from BHK cells was determined as described by Glendorf et al [18] . The receptor affinity of GlnB22-insulin was tested in triplicate, giving a mean affinity of 57.2% (53.1-61.7%) relative to wild-type insulin. An example of the insulin-receptor binding curve of GlnB22-insulin is shown in ESM Fig. 4 .
Subcellular localisation of wild-type and p.R46Q human insulin We used human C-peptide as a marker for human insulin as they are co-localised in the secretory granules of pancreatic beta cells and as antibodies to human insulin cross-react with the rat insulin made by the INS-1 cells (Fig. 1) . Human C-peptide antiserum also detects human preproinsulin and proinsulin. As a positive (mutant) control for the localisation of a misfolded mutant human proinsulin, INS-1 cells were transfected with the NDM-associated insulin mutation p.C96Y that is retained in the ER [12] . The INS-1 cells were co-transfected with constructs encoding an ERlocalised red fluorescent protein and a Golgi-localised enhanced cyan fluorescent protein to identify these cellular compartments.
INS-1 cells expressing the wild-type insulin construct showed a distinct punctate pattern in the periphery of the cells, indicating that C-peptide was localised in secretory granules. As expected, INS-1 cells expressing the mutation p.C96Y had a markedly different appearance, with the C-peptide being localised in a dilated ER. The appearance of INS-1 cells expressing the mutation p.R46Q fell between that of those expressing wild-type insulin and those with p.C96Y-insulin, with C-peptide immunostaining in a slightly expanded ER as well as in secretory granule-like structures.
Secretion of human insulin in INS-1 cells
We examined the human C-peptide content of the cells and media 24 h posttransfection during a 4 h static incubation in the presence of 5.5 mmol/l glucose. C-peptide was detectable in the media of cells expressing wild-type and p.R46Q-insulin but not p.C96Y-insulin (Fig. 2a) , confirming the localisation of some of the p.R46Q-insulin to secretory granules. Co-expression of wild-type and p.R46Q-insulin to mimic the heterozygous genotype of the woman was associated with reduced C-peptide immunoreactivity in both the media and cell extract, suggesting suppression of biosynthesis and processing of the wildtype insulin by the mutant protein (Fig. 2a) .
We also examined the effect of the mutant protein on insulin synthesis and secretion by co-expressing increasing amounts of the p.R46Q cDNA (0.5, 1.0 and 2.0 μg) with a constant amount of wild-type insulin cDNA (2 μg; Fig. 2b ). Previous studies have shown a dominant negative effect of the mutant p.C96Y-insulin on wild-type insulin biosynthesis and secretion [12] . We observed lower C-peptide concentrations in cells and media coexpressing wild-type and p.R46Q-insulin in a 1:1 ratio (Fig. 2a) , whereas transfection with lower ratios of wild-type and p.R46Q-insulin cDNAs did not significantly affect C-peptide levels in the media and cell extracts (Fig. 2b) . The effect of p.R46Q-insulin on C-peptide levels was less than that observed with p.C96Y in 1:1 ratio with wild-type (Fig. 2a) .
Endoplasmic reticulum stress in INS1-cells expressing mutant insulin ER stress leads to increased phosphorylation of elongation factor 2α (eIF2α). Western blotting showed increased phosphorylation in INS-1 cells co-expressing p.C96Y and wild-type insulin as well as in cells treated with the ER stress inducer thapsigargin. Expression of p.R46Q and wild-type insulin either alone or in combination did not lead to increased phosphorylation of eIF2α, a result consistent with the C-peptide immunostaining of transfected cells showing only a modest expansion of the ER (Fig. 3) .
Discussion
The woman with p.R46Q-associated diabetes had, 3 years after diabetes diagnosis, partially preserved insulin secretion, with fasting glucose levels in the impaired fasting glucose range increasing to the diabetic range after oral glucose challenge. The secretion of wild-type insulin and GlnB22-insulin increased in response to increasing plasma glucose, showing that both insulin proteins were secreted in a glucose-dependent manner via the regulated pathway of the beta cells.
Despite maintaining a normal body weight and an active lifestyle, the treatment requirements of the woman were gradually increasing, from no pharmacological treatment to multipleinjection insulin therapy. The cause of this apparent decline in Notably, glycaemic control continued to deteriorate despite intensification of the insulin treatment. There were considerable compliance issues, with non-adherence to the dietary recommendations and insulin treatment; we are uncertain of the woman's actual daily insulin dosage. Although the individual has never experienced diabetic ketoacidosis and her C-peptide level remains in the normal range 3 years after diagnosis, it would be of interest to measure pancreatic autoantibodies to rule out the development of autoimmune type 1 diabetes in addition to monogenic diabetes. The p.R46Q-insulin mutation has been identified in two additional families with MODY, one from Norway and the other from the Czech Republic [6, 7] . The seven carriers had disease duration of 4 years to 43 years, with treatment requirements ranging from diet to insulin treatment. The affected family members of the Norwegian family had excellent glycaemic control, with HbA 1c 5.8% (40 mmol/mol), although the individual with the longest disease duration of 43 years had developed diabetic neuropathy [6, 20] . The individual in the current study fulfils only two of the three MODY criteria proposed by Tattersall in 1974 (early-onset diabetes and detectable C-peptide 3 years after diagnosis), whereas the mutation presented de novo. Using LC-MS, we demonstrated that the woman in this study synthesised and secreted both wild-type insulin and GlnB22-insulin, with serum concentrations of GlnB22-insulin up to 1.5 times higher than those of wild-type insulin. The reduced receptor affinity of GlnB22-insulin (57% relative to human insulin), and hence the reduced insulin-receptormediated clearance of GlnB22-insulin, may explain its higher serum levels. Our findings have the same directional effects as those of Krizkova et al, though they detected a more pronounced negative effect of GlnB22-insulin on receptor affinity and biological activity [21] . Amino acid B22 is not directly engaged in binding insulin to its receptor, though amino acids B20-23 assist in binding insulin to its receptor through a hinge-like rotation of the insulin B-chain enabling alignment of the receptor-binding subunits of the A-and B-chain with the insulin receptor [22] . This hinge-like function of B20-23 seems clinically relevant, as dysfunction imposed by a mutation, as in our individual, reduces the biological effect of the secreted insulin and results in diabetes.
To further examine the pathophysiology of p.R46Q, we performed a series of in vitro studies in INS-1 cells. Immunostaining using a human C-peptide-specific antibody in cells expressing p.R46Q-insulin showed localisation in secretory granules, suggesting it can enter the secretory pathway (Fig. 1) , a result confirmed by the presence of C-peptide in media (Fig. 2a) . Coexpression of wild-type and p.R46Q proteins in a 1:1 ratio, corresponding to the heterozygous carrier state of the woman, was associated with a 40% reduction in the C-peptide levels in the media, suggesting that p.R46Q impairs beta cell function. The reduced biological activity of GlnB22-insulin and the impaired beta cell function may both contribute to the pathophysiology of diabetes resulting from p.R46Q-insulin.
The treatment requirements of individuals with disorders of glucose homeostasis resulting from heterozygous mutations in the insulin gene are variable, and treatment should ideally be tailored to fit the effects of the specific mutation. Individuals affected by NDM caused by heterozygous insulin gene mutations have minimal endogenous insulin secretion and consequently they are treated with insulin; treatments aimed at reducing the toxic effects of the mutant insulin on beta cells have been suggested as a future therapeutic strategy, as this would preserve the beta cells and allow for synthesis and secretion of insulin derived from the wild-type healthy allele of the insulin gene [15] . In the woman in this study, who has MODY resulting from the insulin mutation p.R46Q, basal insulin secretion 3 years after diabetes onset was sufficient to maintain blood glucose in the non-diabetic impaired fasting glucose range. During glucose challenge, however, the insulin deficit became manifest. This suggests that treatment should Fig. 3 (a, b) aim to support the endogenous insulin secretion when insulin demands are high, i.e. around meal times. Future mutationspecific treatments, by means other than exogenous insulin administration, could include suppression of synthesis of the mutant insulin, thereby reducing the dominant negative effect of the mutant insulin on overall insulin secretion.
Here, we combined a detailed clinical characterisation of a woman with diabetes caused by the insulin gene mutation p.R46Q with in vitro studies of INS-1 cells expressing the identical mutation. We found that beta cells can process and secrete GlnB22-insulin both in vivo and in vitro, but expression of p.R46Q impairs beta cell function. Furthermore, we found that GlnB22-insulin has reduced insulin-receptor affinity.
Our combined approach of immunoprecipitation and LC-MS to measure mutant and wild-type insulin may be useful for the study of other mutant insulin proteins, such as those expressed in individuals with MODY with other insulin gene mutations or in those carrying NDM-associated mutations who still have some beta cell function.
The ability to process and secrete a mutant protein may predict a more benign course of the insulin mutation-related diabetes, but this possibility needs confirmation from studies in additional people with insulin gene mutations. A more severe diabetes phenotype may develop when insulin demands are high because of physiological stress, as observed in individuals with other types of insulin mutations that affect the processing proinsulin to insulin or mutations that reduce the affinity for the insulin receptor.
